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ABSTRACT
Three dimensional numerical investigation is carried out to study the influence of geometry on thermal
behavior of flat heat pipe. Two phase mixture model has been formulated to investigate the phase change
phenomena during steady state operation of flat heat pipe. In this model, single fluid approach is used and governing
equations for mass, momentum and energy are discretised using finite volume method. In this investigation, effect of
presence of wick columns (WC) on the thermal performance of flat heat pipe is predicted when the evaporator heat
input and the convective heat transfer coefficient on the condenser surface are assumed to be constant. Results
predicted by the present model are validated with numerical results available in the literature. It is observed that
introducing wick columns improves thermal performance of flat heat pipe.

1. INTRODUCTION
Studies on heat transfer and fluid flow in a flat heat pipe have increased in recent years. This awareness is
due to wide range of applications of flat heat pipe in cooling management of compact electronic and electrical
systems. It consists of a sealed copper container whose inner surface is provided with capillary wick material. Wick
provides the capillary driving force to return condensate to the evaporator. Quality and type of wick usually
determines the performance of the heat pipe. It is a sintered metal powder or foam or any material capable of
generating capillary force. Porous media with porosity between 0.3 and 0.6 have been used for many decades and
review of that study has been summarized (Kaviany, 1995). However, high porosity metal foam with porosity more
than 0.7 is relatively a new development. Metal foam owing to its high heat transfer surface area, porosity and high
permeability is considered to be potentiality of being used for heat sinks. In order to use metal foam in heat
transferring devices, its physical property data must be supplemented with the thermo-hydraulic characterization and
a realistic heat transfer model (Bhattacharya et al., 2002). Leong et al. (1997) investigated pore structures of
sintered copper and found that the advantage of this wick over conventional one was pore size to optimize the heat
pipe performance. Unnikrishnan et al.(2004) developed a three dimensional model to analyze the transient and
steady state performance of flat heat pipe .This model predicted the maximum pore radius of the wick and location
of dry out.

Carbajal et al. (2006, 2007) carried out both experimental and computational study to investigate
temperature distribution across a flat heat pipe. In this model metal foam was considered as porous wick structure.
Xiao and Faghri (2008) developed a 3D mathematical model to find that the wick thickness enhances the capillary
limit and thermal resistance. Zhu and Vafai (1998a, b) carried out an analytical and numerical study to find that 3D
analysis was necessary if vapor channel width to height ratio was less than 2.5. An analytical model for transient
startup of heat pipe was developed and used to measure temperature, vapor velocity and vapor pressure of flat heat
pipe. Sonan et al. (2008) computed the fluid flows in both wick and vapor core using a transient 2D hydrodynamic
model. Xuan et al. (2004) used both theoretical and experimental approaches to find the effect of charging fluid,
heat pipe orientation and thickness of wick structure on thermal performance of heat pipe under different heat flux
input. Tan et al.(2000) developed the simplified analytical model employing point source capable of predicting
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qualitatively pressure and velocity distributions in a two-dimensional plate heat pipe. This model was capable of
approximating effective heat transport length in a 2-D flat plate heat pipe. Koito et al. (2006) carried out
experimental and numerical analysis to investigate the effect of heat source size on the heat transfer characteristics
of flat heat pipe. Chang et al. (2008) investigated thermal performance of flat heat pipe by thermal resistance model.
Evaporator resistance and condenser resistance were the most influencing factors for the total resistance of the
cooling system. Alizadehdakhel et al. (2010) used CFD multiphase technique to study the two phase flow and
simultaneous condensation and evaporation process inside the thermosyphon. CFD predicted results were compared
with experimental data and found agreement is good.

Existing technologies of heat pipes must be significantly improved in order to face the new challenges in
electronic cooling. Heat transfer limit ought to be increased by optimizing the geometric and operating parameters.
In order to predict the heat transfer limit and temperature distribution of a heat pipe, comprehensive threedimensional model that includes heat transfer in liquid and vapor must be developed. Based on previous research
concerning multiphase flow models for phase change applications (He et al., 2009), the present work has focused on
investigation of thermal characteristics of flat heat pipe using multiphase mixture model. In this investigation, a
detailed three dimensional computational fluid dynamics approach has been used to simulate the steady state
performance of the flat heat pipe. A copper metal foam wick is used as porous wick structure to transport the liquid
from condenser to evaporator. As water contains high latent heat of vaporization and is compatible with copper, is
used as working fluid. The objective of the present simulation is to study the effect of introduction of wick columns
on the thermal performance of flat heat pipe with two phase mixture model.

2. PHYSICAL MODEL
Figure 1 shows three dimensional schematic diagram of flat heat pipe. In this analysis, vertical wick
columns are incorporated inside the heat pipe to enhance the fluid flow return mechanism. For two, four and six
vertical wick columns, the distance between the wick columns are 44 mm, 16 mm and 10.85 mm respectively.
Physical dimension of flat heat pipe is given in Table 1.Heat is applied on the top surface through evaporator and
removed through condenser by forced convective cooling. In the present CFD model, Mixture model has been used,
in which continuity, momentum and energy equations are solved for mixture and volume fraction equations for the
secondary phase and algebraic expressions for the relative velocities. This model is more suitable to simulate twophase flow in the heat pipe where liquid and
vapor move at different velocities by assuming
YZ-Plane of symmetry
local equilibrium over short spatial length scale.
Condenser wall
Since the volume of phase such as liquid cannot
XY-Plane of
be occupied by the other phases such as vapor
Evaporator
Le
symmetry
Qe
or gas, concept of phase volume fraction is
introduced in this mixture model. These volume
fractions are assumed to be continuous function
of space and time and their sum is equal to one.
Condenser wall
Adiabatic wall
ts
H
tw

Wick
columns

Vapor
core

W

Condenser

L=Lc

Qc

Table 1: Physical dimensions of flat heat pipe.
(All dimensions are in mm)
Length (L)
100
Width (W)
100
Height (H)
35
solid wall thickness (ts)
4
Wick and wick column thickness (tw) 2

Figure 1: Schematic of flat heat pipe with wick columns.
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3. FORMULATION OF GOVERNING EQUATIONS
Energy equation for the solid is written as

∂
( ρ sC pT ) = ∇. ( ks∇T )
∂t

(1)

Continuity equation for the mixture is

ϕ

∂

( ρ m ) + ∇. ( ρ m vm ) = S M
∂t

(2)

Momentum equation for the mixture is the sum of individual momentum equations for all phases. It can be written
as

µ

 

 
  
 n
∂
( ρm vm ) + ∇. ( ρm vmvm )  = −∇p + m ( ∇ 2 vm ) + ρ m g + F + ∇.  ∑ α k ρk vdr ,k vdr ,k  + SF
ϕ
 ∂t

 k =1


ϕ −1 

(3)

For the case of simple homogeneous porous media, the source term in the momentum equation is

 
 µm  C2 ρ m vm vm 
SF = − 
vm +

2
 K


(4)

For laminar flow through metal foam, K and C2 are to be taken into account. In this model, the momentum source
term can be applied in the grid cell to pump liquid to the evaporator.
Energy equation for the mixture has been written as
n
∂ n

α k ρ k Ekϕ + (1 − ϕ ) ρ s Es ) + ∇.∑ (α k vk ( ρ k Ek + p ) ) = ∇. ( keff ∇T ) + S E
(
∑
∂t k =1
k =1

(5)

Effective thermal conductivity for metal foam is calculated by the correlation proposed by Bhattacharya et al.
(2002). For vapor core region, effective thermal conductivity becomes thermal conductivity of the vapor i.e. keff = kv.
Porosity becomes equal to 1 and permeability approaches infinity i.e. ϕ → 1 and K → ∞ . Then the resulting
equations are applied for mixture flow through vapor core region of the flat heat pipe.
Relative velocity is defined as the velocity of a secondary phase (p) relative to the velocity of the primary phase (q)


 
v pq = v p − vq

(6)

Volume fraction equation for secondary phase p can be obtained from the continuity equation for secondary phase p
n
∂


α p ρ pϕ ) + ∇. (α p ρ p vm ) = −∇. (α p ρ p vdr , p ) + ∑ ( mɺ qp − mɺ pq )
(
∂t
q

(7)

For the simultaneous process of evaporation and condensation, user defined functions have been developed to
invoke source term (SM) in Eq. (2) for liquid and vapor phase and source term (SE) in Eq.(5).
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4. CFD SIMULATION
4.1. Computational domain and assumptions
In order to simplify the computational analysis, as a result of symmetry about x-y and y-z plane, the
computational domain is reduced to only one quarter of the flat heat pipe. Three dimensional computational domain
is shown in Figure 2 with all boundary conditions. ANSYS CFD software package GAMBIT has been employed to
complete the geometry creation and meshing. Three-dimensional computational domain is discretised into 87,500
cells. As the grid size decides the accuracy of the solution, detailed grid independence study has been carried out.
Figure 3 shows the variation of temperature of top and bottom wall of flat heat pipe for various grid sizes. It can be
observed that the further refinement of grid size beyond 87,500 cells does not increase the accuracy of the solution
and the difference in accuracy of the solution is 0.01 %. Hence, the final grid size used in the calculation domain is
50×35×50 meshes in the X, Y and Z directions respectively.
Properties of liquid are considered to be constant throughout the simulation. As the operating pressure
inside the heat pipe is low corresponding to saturation temperature of the fluid, the density variation of the vapor can
be calculated by ideal gas equation. Vapor flow in the vapor core region is assumed to be laminar. Liquid flow
through the metal foam wick is considered to be laminar and incompressible. An interaction between liquid and
boundary wall are modeled by Extended Darcy momentum equations taking into considerations of inertial
resistance. Heat dissipation on the condenser side is due to forced convection with constant heat transfer coefficient.
Thermo-physical properties of the heat pipe materials and the working fluid are given in Table 2.

4.2. Solution strategy
In this simulation, phase change phenomena and two phase flow throughout heat pipe are modeled by CFD
software package Fluent 6.3. The user defined functions (UDF) are linked to mixture model equations to invoke the
heat and mass transfer phenomena happening inside the flat heat pipe. Transient simulation has been started to reach
steady state operation of the heat pipe. Because of the dynamic behavior of the two phase flow and phase change
process, a transient simulation with a time step of 0.01 second has been initiated due to large number of iterations
needed to converge at each time step. As the difference in accuracy of the solution between the time step of 0.01 s
and 0.001s is 0.14%, further decreasing time step does not affect the solution of the problem consequently it results
in more computational time. The finite volume method is applied to discretize the governing equations. Calculations
are performed by combination of the SIMPLE algorithm for pressure–velocity coupling and a first-order upwind
calculation scheme for the determination of momentum, volume fraction and energy. Convergence is based on the
residual value of the calculated variables, namely mass, velocity components, volume fraction and temperature.
Numerical computation is considered to be converged when the scaled residuals of the variables mass, velocity
components and volume fraction have lowered by five orders of magnitude and when the residuals of the
temperature variable have lowered by seven orders of magnitude.
Table 2: Thermo-physical properties of the heat pipe materials
and the working fluid.
Material
Parameters
Value
Copper
Thermal conductivity 401 W/(m k)
Condenser wall
Specific heat
385 J/(kg K)
Density
8960 kg/m3
Evaporator
Wick
Porosity
0.9
-8
2
Permeability
3.76e ×10 m
Water
Thermal conductivity 0.61706 W/(m K)
Specific heat
4.18 kJ/(kg K)
Vapor core
Vapor core
Dynamic viscosity
7.8068 ×10-4 Ns/m2
Left YZ-Plane
Density
995.3 kg/m3
of Symmetry
Latent heat
2427 kJ/kg
Y
Z
Water vapor Thermal conductivity 0.0196 W/(m K)
Specific heat
1.9314 kJ/(kg K)
Center XY -plane of symmetry
Dynamic viscosity
1.0308 ×10-5 Ns/m2
Condenser
X

Adiabatic wall

Wick
columns
Solid wall

Figure 2: 3D computational domain
with boundary conditions.
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5. RESULTS AND DISCUSSION
5.1. Validation of model results
For validating the present CFD model, numerical solution are compared with numerical results reported by
Xiao and Faghri (2008) in which physical dimensions of the flat heat pipe are taken as 190.5×34.93×139.7 mm in X,
Y and Z directions respectively. Wall and wick thicknesses of the flat heat pipe are 3.175 mm and 1.651 mm.
Dimensions of the flat heater mounted on the top surface of the heat pipe are 139.7 mm in width and 50.8 mm in
length. Initial temperature of the heat pipe is assumed to be 285 K and the convective heat transfer coefficient on the
condenser side is taken as 1230 W/ (m2 K). Thermo-physical properties of the working fluid, container material and
wick structure are taken the same for calculations of heat transfer limits and simulations. Grid size used in the
calculation domain is the same as 59×23×48. Figure 4 shows the comparison of temperature distribution of flat heat
pipe predicted by present model with the literature. Present model deviates about 2% with that of Xiao and Faghri
(2008).
328
326

Temperature (K)

324

1,350 cells
1,350 cells
87,500 cells
87,500 cells
1,08,000 cells
1,08,000 cells

Qe = 500 W
2
hc = 5000 W/(m K)

322
320
318
316
314
312
310
308
-0.04

-0.02

0.00

0.02

0.04

0.06

Z (m)

Figure 3: Variation of top and bottom wall temperature of flat heat pipe.

Figure 4: Numerical validation for evaporator and condenser temperature.
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5.2. Effect of wick columns
In order to investigate the geometric effect on thermal performance, the numbers of wick columns are
varied. Heat pipe without wick and with wick columns are subjected to the same heat flux on the evaporator while
the condenser is cooled by forced convective heat transfer. When the heat applied on the evaporator is completely
transferred across the condenser surface, it is ensured that the flat heat pipe attained steady state. Figure 5 shows the
effect of presence of wick columns on the thermal resistance of flat heat pipe. Thermal resistance of flat heat pipe
depends on evaporator and condenser temperature of flat heat pipe for constant heat input. Thermal resistance of flat
heat pipe with wick columns is lower than that without wick columns due to convective heat flow and enhancement
in fluid return mechanism. Presence of wick column increases liquid transfer from condenser to evaporator leading
to increased in heat transfer thus resulting in the reduction in the thermal resistance.

Qe = 500 W

Thermal resistance (oC/W)

0.03

Without WC
With 2 WC
With 4 WC
With 6 WC

2
hc = 5000 W/(m K)

0.02

0.01

0.00
-0.04

-0.02

0.00

0.02

0.04

0.06

Z (m)
Figure 5: Effect of wick columns on thermal resistance of flat heat pipe at X=0.
Even though temperature of the evaporator decreases due to presence of wick columns, it can not disturb
the temperature flattening ability of flat heat pipe. Figure 6 shows the effect of wick columns on the top and bottom
wall temperature distribution of flat heat pipe at X=0. As the vapor formation begins, temperature distribution is
smoothened in the vapor core region. Vapor spreads across the vapor core uniformly and travels towards the
condenser where it is condensed by releasing its latent heat. Condensation of vapor begins when saturation
temperature of vapor is less than that of condenser surface temperature corresponding to convective heat transfer
coefficient. Addition of number of wick columns increases, the size of the vapor core also narrows down.
Consequently, the vapor formed just below the evaporator moves down and gives its latent heat thereby increases
the condenser temperature at the centre. Therefore the temperature of the bottom wall at the centre increases with
increase in number of vertical wick columns. For four and six wick columns, difference in temperature on top wall is
not much appreciable where as bottom wall temperature is the same for both the cases. Uniform bottom surface
temperature ensures the temperature flattening capability of flat heat pipe even though wick columns are disturbed
the vapor flow. Figures 7, 8, 9 and 10 show the significance of addition of wick columns inside the heat pipe on
temperature distribution of top and bottom wall surfaces along the X-direction. As expected, the top wall surface
temperature decreases when number of wick columns increases. As the vapor chamber size is reduced due to
increases in introduction of wick columns that may be increasing the absorbed heat flux at the centre region of the
evaporator resulting in increases in bottom wall surface temperature, more liquid turns to vapor. This may also be
attributed due to incomplete condensation on the condenser side in that region.
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Without WC
With 2 WC
With 4 WC
With 6 WC
Without WC
With 2 WC
With 4 WC
With 6 WC

Temperature (K)

330

325

320

315

310
-0.04

-0.02

0.00

0.02

0.04

0.06

Z (m)
Figure 6: Effect of wick columns on top and bottom wall temperature at X= 0.

Temperature on the top surface is reduced when the numbers of vertical columns are increased because of increasing
heat and fluid flow due to enhanced capillary effect of wick columns. Temperature penetration of the vapor is more
for wick columns because of narrowed vapor core. More liquid, distributed across the top wick, is evaporated and
latent heat of liquid is transported by vapor across the vapor core. Heat pipe with wick columns are capable of
transporting high heat fluxes as it has large wick surface to transfer more liquid from condenser to evaporator. Due
to narrowed vapor chamber, vapor velocities are increased for heat pipe with vertical wick columns.

Figure 7: Temperature variation without
wick columns.

Figure 8: Temperature variation with
two wick columns.

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012

2309, Page 8

Figure 9: Temperature variation with
four wick columns.

Figure 10: Temperature variation with
six wick columns.

In order to investigate the effect on wick columns on the fluid dynamics, Figures 11 to 14 show the vector
plot across the vapor core of flat heat pipe on XY plane at z=0. Addition of wick column increases the velocity of
the vapor due to narrowed vapor chamber but it reduces the velocity of the liquid in the top wick due to addition of
more liquid. Presence of the wick columns increases the cross sectional area of wick but it reduces the vapor core
area. Thus more liquid is pumped back to the evaporator from condenser due to capillary effect of wick columns.
The maximum velocity of vapor without wick column is 0.322 m/s little lower than that in two, four and six wick
columns. Vapor velocity magnitude in the vapor core is three orders of magnitude higher than the liquid velocity in
the wick structures. Addition of wick column increases the velocity of the vapor from 0.322m/s to 0.333 m/s with
two vertical wicks, 0.361 m/s with four vertical wick columns and 0.394 m/s with six vertical wick columns
respectively. So introduction of wick columns improves the heat transfer by means of increasing the fluid flow
mechanism of flat heat pipe.

v, m/s

v, m/s

Figure 11: Velocity vector without wick columns.

Figure 12: Velocity vector with two wick columns.
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v, m/s

v, m/s

Figure 13: Velocity vector with four wick columns.

Figure 14: Velocity vector with six wick columns.

6. CONCLUSIONS
Flat heat pipe with wick columns is studied numerically under steady state. In this analysis, CFD
multiphase mixture model is used to predict temperature, pressure and velocity distribution in the flat heat pipe
using water as working fluid. As the number of wick columns increases thermal resistance of flat heat pipe decreases
but the relative decrease in thermal resistance decreases. Vapor velocity in the enclosed chamber increases due to
increase in number of wick columns, thus, increasing heat transfer. For this geometry, four wick columns gives
12 % increase in vapor velocity with 21 % reduction in thermal resistance.

NOMENCLATURE
C
C2
E
F
g
h
hfg
H
K
k
L
P
Q
t
twc
T
v
W
X
Y
Z

specific heat
Inertial resistance coefficient
total energy
body force
gravitational constant
convection heat transfer coefficient
latent heat of vaporization
flat heat pipe height
permeability
thermal conductivity
flat heat pipe length
pressure
heat transfer rate
time
wick column thickness
temperature
velocity
flat heat pipe width
length direction
height direction
width direction

J/ (kg K)
1/m
J/kg
N/m3
m/s2
W/ ( m2 K)
J/kg
m
m2
W/(m K)
m
Pa
W
s
mm
K
m/s
m
m
m
m

Subscripts
c
condenser
dr
drift
e
evaporator
eff
effective
f
fluid
k
note for phase
m
mixture
n
number of phases
sat
saturation
s
solid
v
vapor
w
wick material

Greek symbols
α
volume fraction
ϕ
porosity
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µ
ρ

viscocity,
density,

Pa s
kg/m3
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